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1. INTRODUCTION
Displacements measurement of bridge spans is one of
the basic and oldest ways to evaluate the structure dur-
ing static load tests. The measured deflections of the
span under the actual trucks positioned on the consid-
ered span are compared with deflections, which were
determined in a theoretical manner in the numerical
model loaded with vehicle models similar to those used
in the load test. Displacements are measured not only
during static but also dynamic tests [6]. A discrete sig-
nal recorded in time containing varying deflections can
be successfully used to determine dynamic properties
of the structure like natural frequency and the corre-
sponding damping. Of course, these parameters are
often determined on the basis of vibrations recorded
with accelerometers. However, it should be kept in
mind that the interpretation of displacements is usual-
ly more intuitive than accelerations which eventually
are the second derivative of a displacement. Moreover,
in some analyses, there is a further need to determine
the so-called dynamic amplification factor [2].
Unfortunately, the measurement of the displacement
of bridges is not an easy task. First of all, we must keep
in mind that the essence of this measurement is that
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A b s t r a c t
The paper describes an experiment involving a comparison of a few selected techniques for measuring the displacements of
points on the span and pylon of the large cable-stayed bridge. It presents the measuring equipment and the process of sta-
tic and dynamic tests. The results obtained from several measuring methods including the interferometric radar were com-
pared and summarised. The experiment showed that in the case of large bridges, like tested cable-stayed structure, the best
method is non-contact measurements like interferometric radar which is the least sensitive to the distance from a target. It
allows the use of higher sampling frequency and at the same time requires relatively little preparation work.
S t r e s z c z e n i e
Artykuł opisuje eksperyment obejmujący porównanie kilku wybranych technik pomiaru przemieszczeń punktów na przęśle
i pylonie dużego mostu podwieszonego. Omawia użyty sprzęt pomiarowy i przebieg prób statycznych i dynamicznych. Wyniki
pozyskane z kilku metod pomiarowych, w tym radaru interferometrycznego, zostały ze sobą porównane i podsumowane.
Eksperyment wykazał, że w przypadku dużych mostów, a takim jest badany most podwieszony, najlepiej sprawdza się bez-
dotykowa technika pomiaru radarowego, która przy tym jest najmniej wrażliwa na długości celowych, pozwala stosować
wyższe częstotliwości próbkowania, a przy tym wymaga stosunkowo mało prac przygotowawczych.
K e y w o r d s : Cable-stayed bridge; Interferometric radar; Load test.
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we actually measure the relative displacement.
Therefore we must always have a reference point. For
short spans, it can be the surface of the terrain under
the bridge. There remains only the problem with the
distance of the measurement system to the structure.
For this purpose, a scaffolding or special mechanical
system can be used with which the measuring device
can be located at the ground level. There are also
techniques that allow non-contact measurement [4].
However all these techniques, for small spans and
very small deflections, must have a sufficiently high
measurement resolution, often below 0.1 mm.
There are other problems with the reference point in
the case of large bridges with long spans. Usually high
above the terrain position of the superstructure in
such bridges prevents the use of conventional mea-
surement methods. It is even harder when the terrain
under the bridge is not available (deep river or valley,
busy highway or railway line). In such situations,
other methods should be considered. In the following
section, such attempts are described taking as an
example the load test of the cable-stayed bridge
(Fig. 1) in which the displacements of long spans and
high pylon were measured with different measure-
ment techniques. The bridge is located on Sola River
in South Poland.
2. CHARACTERISTIC OF TESTED
BRIDGE AND ITS MODEL
The object of the experiment is a four-span bridge
with main cable-stayed superstructure suspended to
one pylon by steel tendons shaped in the form of a
fan (Fig. 2). The superstructure consists of two rec-
tangular concrete girders with a deck.
For the purpose of the load test, the model consisting
of a rod, beam and shell elements was built. Its visu-
alisation is shown in Fig. 1. The basic structural parts
such as pylon, girders, cross-beams and stay cables
were modelled with rod elements. In contrast, the
geometry of the bridge deck was represented by the
shell with an extremely low stiffness which facilitated
the distribution of vertical loads from vehicles. The
model was used to calculate spans deflections caused
by the load test consisting of ten four-axle trucks 32
tonnes of total weight each.
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Figure 2.
Overall drawing of the bridge
Figure 1.
View of tested bridge and visualisation of its model
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3. THE LOAD TEST PROGRAM AND
LOCATION OF MEASURING POINTS
The load test program consisted of static and dynam-
ic load tests. In the static tests were (Fig. 3): four
basic settings for each span (S1-S4), one setting for
support with the pylon (P4), additional asymmetrical
setting (S3A). The bridge was loaded for 45 minutes
in each setting. During this time the increasing
deflection was recorded every 15 minutes.
In order to choose the appropriate excitation and
arrangement of measuring points during dynamic
tests, a modal analysis was conducted. With assumed
parameters of stiffness and the mass distributed on
the entire superstructure (including pavement and
concrete sidewalks), the lowest mode shapes and cor-
responding natural frequencies were determined.
The most important mode shapes and frequencies
are shown in Table 1. In the dynamic test, the same
one 32 t truck was used, moving in two directions with
speeds ranging from 10 to 70 km/h, incrementing
every 20 km/h. The vehicle was riding along the right
traffic lane. Additional passages were carried out: the
passage over an artificial irregularity in the form of a
wooden 5 cm high threshold and sharp braking in the
middle of the largest span.
4. DISPLACEMENT MEASUREMENT
TECHNIQUES
Traditionally during bridge load tests one or two reli-
able displacements measurement methods are used.
In the case of described experiment measurements
were taken with various techniques in order to com-
pare them and summarise their relevance and effec-
tiveness. The locations of measuring points in the sta-
tic and dynamic test are shown in Fig. 4. Due to its
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Figure 3.
The location of vehicles during static load test
Table 1.
FRP material safety factors γf
No Vibration mode Frequency and damping
1
theoretical 0.58 Hz
identified 0.72 Hz
damping 2.59 %
2
theoretical 0.93 Hz
identified 1.14 Hz
damping 2.12 %
3
theoretical 1.34 Hz
identified 1.43 Hz
damping 3.35 %
4
theoretical 1.54 Hz
identified 1.59 Hz
damping 3.91 %
5
theoretical 1.92 Hz
identified 1.9 Hz
damping 1.72 %
6
theoretical 1.96 Hz
identified 2.07 Hz
damping 1.75 %
7
theoretical 2.58 Hz
identified 2.69 Hz
damping 2.67 %
8
theoretical 3.11 Hz
identified 3.12 Hz
damping 2.38 %
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specificity and sampling frequency, some of the
devices were used only for the static test while some
also for dynamic. The nomenclature of techniques and
types of measurements are summarised in Table 2.
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Figure 4.
Location of measuring points
Table 2.
Description of tested beams
Measurement techniques Indication Accuracy Comments
optic leveller OL 1.4% but not less then 0.2 mm depends on the distance to target
digital leveller DL 1.0% but not less then 0.1 mm depends on the distance to target
displacement gauge DG 0.8% but not less then 0.05 mm self evaluation of the method uncertainty
digital calliper DC 1.0% but not less then 0.15 mm self evaluation of the method uncertainty              
theodolite TE min readout 20cc with accuracy 7/21cc depends on the distance to target and angles
tachymeter TC min readout 0.1 mm with accuracy 2 mm/km depends on the distance to target
laser device LS 2.0% but not less then 0.3 mm depends on the distance to target
GPS device GP 4.0% but not less then 0.5 mm depends on various factors
interferometric radar IR 0.8% but not less then 0.08 mm depends on the distance to target
inductive displacement sensor ID 0.8% but not less then 0.04 mm self evaluation of the method uncertainty
Measured displacements Indication Used techniques Comments
foundation (settlements) FD OL, DL DL only in selected supports
spans SD OL, DL, DG, IR, LS, ID, GP all methods only in selected spans
bearings BD DG only in bearings on the pylon
pylon PD TE, TC only horizontal displacements
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In the static test deflections of spans and support set-
tlement are usually sampled at intervals of several
minutes. Therefore devices which do not require
power supply can be used. Such devices are easy to
use, reliable and more resistant to harsh weather con-
ditions. These include among others optical levellers
(OL, DL) and displacement gauges (DG).
Foundations settlements were measured from a dis-
tance to the target about 15 m with the use of two
types of precise levelling instruments: optical with
classic invar levelling staffs (here with the resolution
0.2 mm) and digital with bar code staffs (with the res-
olution 0.1 mm).
Span displacements and bearings squeezes were mea-
sured with displacement gauges (DG). In spans, the
system taking the measurement to the ground level
was used. It consisted of a thin invar wire loaded with
a weight which at the top was fixed into the girder. In
longer spans with greater deflections dial gauges
were used with a range up to 100 mm and resolution
of 0.01 mm. In shorter spans – gauges with an elec-
tronic display with a range up to 50 mm and resolu-
tion 0.01 mm. Bearings squeezes required the highest
precision hence the gauges with an electronic display
with the smallest range up to 25 mm and a resolution
of 0.001 mm was used.
Span displacements were additionally measured with
the use of other several techniques (Fig. 5). First of
all precise levellers (OL, DL) were used once again.
This time, they were set on both sidewalks in the
extension of axis behind the abutment (Fig. 5a). The
corresponding levelling staffs were stabilised in the
middle of the cable-stayed span (Fig. 5b). The target-
ed lengths were already longer than for support set-
tlements and were equal to approx. 45 m. Thus the
accuracy of measurement decreased. In the case of
the optical leveller to 0.5 mm, and digital – up to
0.3 mm. Along with the levellers set the laser device
(LD) was used. It consisted of a laser beam emitter
(Fig. 5a) and recorder in the form of a CCD matrix
(Fig. 5b) connected to a computer analysing the XY
coordinates of the laser dot. The range of measure-
ment was limited by the size of the used matrix and
here it was 150 mm with a corresponding resolution
of 0.5 mm. Because the instrument allowed for
recording with sampling rate up to 60 Hz it was also
used in dynamic tests. Along with displacement
gauges under the bridge modified digital callipers
(DC) with an electronic display (Fig. 5c) were used.
They were equipped with a handle to mount the mea-
suring system at the ground level and a connector
allowing recording the results on the computer.
Horizontal deflections of pylon were measured by the
trigonometric method: classic theodolite (TE) and
tachymeter (TC) set in mutually perpendicular mea-
surement planes. Both instruments were set at a dis-
tance of about 50 m away from the object. At the top
of the pylon mounted was a measuring point in the
form of distance spotlight making targeting easier.
This solution eliminates the need for targeting if used
tachymeter is equipped with ATR system (Automatic
Target Recognition). The last device used in static
load tests was interferometer radar (IR), which is
widely described in the section: dynamic load tests.
The basic measurement technique in the described
here dynamic load tests were inductive sensors
(Fig. 6a). The range of instruments was 100 mm with
a measurement resolution up to 0.01 mm. The second
instrument was an interference radar IBIS [1]
(Fig. 6b). It is a device operating in the range of
200 MHz of waveband with a centre frequency equal
to 17,200 GHz [5]. In addition, laser device described
above and dual-frequency GNSS satellite receivers
(Fig. 6c) were used. Unfortunately, the specificity of
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Figure 5.
Selected equipment: a) levellers (OL, DL)  and laser emitter (LS) outside the abutment no. 5, b) levelling staffs and laser recorder in
the span no. 4, c) calliper (DC) in the span no. 4
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operation of all devices used in the dynamic load tests
did not allow for their integration and signal record-
ing on a single device. Hence, the recorded signals
could not be fully synchronised. However, the record-
ed results were sufficient to be able to compare them
in the range of maximum amplitudes or natural fre-
quencies determined by FFT transformation.
When analysing and comparing the results of mea-
surements, it was assumed that the measurements
obtained with accredited methods (OL, DG, ID) will
be treated as reference values. They will also be a
basis for the evaluation of the bridge’s response, the
compliance with model and its calibration. Regarding
the procedure of comparing the results obtained with
the use of different measurement techniques con-
ducted by different research teams, it was assumed
that it will correspond to the requirements deter-
mined during the so-called Inter-laboratory
Comparison (ILC). Such comparisons are used for
the purpose of Proficiency Testing (PT), which are
one of the most important tools for controlling and
supervising the quality of tests in accredited labora-
tories [3]. However, proficiency tests are associated
with a statistically large number of participants (at
least eight). This is necessary to ensure that the sta-
tistical development of results did not cast doubt. The
specificity of load tests does not allow to conduct pro-
ficiency testing. Frequently we have limited access to
samples which are the selected points of the structure
with the necessity to conduct tests by all laboratories
at the same time. Practically it is not possible to
install measuring equipment by at least eight labora-
tories at one point. For this reason, with a smaller
number of participants (this was the case in these
tests) inter-laboratory comparison was decided to be
sufficient, which determined acceptable by all inter-
ested criteria for the comparison of results. This cri-
terion was the value of index 
where: X – the median of the results xi, ui – standard
uncertainty of the result xi, uav – standard uncertainty
of the value X.
The following criteria for evaluation of measurement
according to the value of index z were adopted:
|z|  2.0 satisfactory results and the method can be
accepted,
2.0 < |z| < 3.0 the results are challenged and
induce a warning signal to the method,
|z|  3.0 unsatisfactory results and the method
should be rejected.
5. RESULTS OF THE LOAD TEST
The support settlements were measured with only
two levelling instruments: optical (OL) and digital
(DL). The measured values were very small and did
not exceed 0.35 mm which with a relatively large
measurement uncertainty of both instruments caused
that index z in all measured points was significantly
smaller than 1.0. Thus, from the credibility point of
view, both methods can be successfully used. The
similar case is the measurement of the horizontal
deflection of the pylon. Here only two methods were
used: theodolite (TE) and tachymeter (TC). The dif-
ferences were small and did not exceed 0.2 mm.
Index z was also less than 1.0.
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Figure 6.
Measurements during dynamic load tests: a) inductive sensor (ID), b) radar (IR), c) GPS (GP)
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Table 3 lists maximum deflections of spans measured
with an accredited method with the use of displace-
ment gauge (DG). It can be stated that elastic deflec-
tions are smaller than deflections calculated theoret-
ically and range from 83% to 95% of their value.
Such results indicate “good enough” model calibra-
tion. 
The use of one radar (IR) allowed for deflections
measurement in several points of cable-stayed span
no. 3 from one position (points from IR.1 to IR.5 in
Fig. 4) at the same time. Automatic setting of radar
sampling, for example, every 10 seconds, allows
direct observation of deflection increments of the
span during the static load test. It can be seen in Fig.
7a, where graphs of displacements from particular
points obtained in scheme S3, were imposed on each
other. In the case of points from IR.1 to IR.3, a slow
deflection increment in time can be observed. The
vehicles were set in 18 minutes and were standing still
for approximately 40 minutes. Between 20th and 50th
minute it was equal from 2 to 5 mm which was from
2% to 5% of the total deflection. After 60th minute,
when the deflection had stopped to increase, vehicles
drove off the bridge and the process of measuring the
relaxation of spans began. The observed permanent
deflections were equal to the maximum of approxi-
mately 3 mm which can also be seen on the graph.
The measurement with one device in several points
simultaneously enables in a simple way to get the
deflection line of the span. Fig. 7b shows two deflec-
tion lines of the same span no. 3 loaded with vehicles
set in scheme S3. The first was established on the
basis of recorded displacements just before driving
off the vehicles (60th minute) and the second – at the
end of measurements (100th minute).
The comparison of particular methods took into
account the expanded relative uncertainties specified
in the validation process. It can be noted that the
index value z (Table 4) is greater than 2.0 only in the
longest inner spans no. 3 with results obtained in
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Figure 7.
Displacements during static load test (S3 scheme) recorded with radar: a) in time, b) line of deflection
Table 3.
Maximum deflections of spans measured with displacement gauge (DG)
Displacements [mm]
Span 1 Span 2 Span 3 Span 4
A1 B1 A2 B2 A3 B3 A4 B4
Theoretical 2.54 2.54 7.33 7.33 115.23 115.23 77.79 77.79
Total 2.21 2.13 6.89 6.68 110.50 112.78 72.48 71.11
Permanent 0.00 0.03 0.00 0.00 4.30 3.30 2.25 1.22
Elastic 2.21 2.10 6.89 6.68 106.20 109.48 70.23 69.89
Elastic / Theoretical 87% 83% 94% 91% 92% 95% 90% 90%
Table 4.
Maximum deflections of spans measured with displacement gauge (DG)
Measurement techniques Indication
Span 1 Span 2 Span 3 Span 4
A1 B1 A2 B2 A3 B3 A4 B4
displacement gauge DG 0.00 0.00 0.54 0.24 - - 0.14 0.35
optic leveller OL 0.34 0.39 0.45 0.36 1.18 0.69 0.82 1.14
digital leveller DL 0325 0.21 0.81 0.18 0.72 0.44 0.14 0.33
digital calliper DC - - 0.39 0.24 - - 1.08 0.67
laser device LS - - - - 2.60 2.62 0.87 1.19
interferometric radar IR - - - - 0.74 0.46 - -
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three methods: optical and digital levellers (OL, DL)
and laser (LS). In the case of levelling the cause of
this can be a too long targeting distance: respectively
38 and 42 m. The same concerned the laser technique
because the laser transmitter was outside of the two
abutments. It must, therefore, be strived to ensure
that the targeting distances did not exceed 30 m. Of
course, it depends on the class of instrument and
should be each time individually established.
Dynamic tests of the bridge were conducted immedi-
ately after the static load test. The results were
recorded electronically in the form of time courses of
vertical displacements during test passages. The
arrangement of measuring points is shown in Fig. 4.
The location of sensors assumed in the test program
allowed identifying eight natural frequencies. The
corresponding mode shapes of frequencies and
damping coefficient are listed in Table 2. The values
of measured frequencies differ slightly from the val-
ues calculated theoretically, especially for the first
three lowest frequencies close to 1.0 Hz. This proves
the necessity to conduct the calibration of the model
to make it useful in future analyses of structures.
To compare results from different measurement
methods, three cross-sections marked in Fig. 4 as
SD.3, SD.4 and SD.4a were considered. The compar-
ison concerned the maximum measured deflection at
each excitation. Deflections were compared only in
cross-section SD.4 where three measurement tech-
niques were used: inductive sensors (ID), callipers
(DC) and laser instrument (LS). Graphs of displace-
ments in point B4 recorded with these three methods
are shown in Fig. 8. They were excited with a vehicle
moving at a speed of 30 km/h from the support no. 1.
It can be noticed that the largest uncertainties are in
the case of the laser device. This technique is sensi-
tive to the target distance.
6. CONCLUSION
The measurement of displacements of large bridges,
especially deflections of long spans and vertical
deflections of high pylons, is a difficult task and
requires considerable experience as well as specific
measuring equipment. The experiment conducted by
authors allowed a comparison of the number of
selected techniques for measuring displacements on
a large cable-stayed bridge. 
In static tests, the most questionable results were
obtained with geodetic methods (optical and digital
levelling, laser device). The reason was too long tar-
geting distances. In dynamic tests, sufficient compli-
ance of maximum amplitude measurement between
inductive sensors and electronic callipers were con-
firmed. Unfortunately, sampling frequency of calliper
was insufficient for reliable analysis of recorded sig-
nal. Interferometric measurement technique with the
use of radar is worth mentioning. The limitation here
is not a distance to the measured point nor the fre-
quency rate, which is quite sufficient for a carrier
band with which we deal in vibrating bridge spans.
Finally, it is worth mentioning that all techniques
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Figure 8.
Graph of displacement changes in point B4 recorded with three methods
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used here are significantly different from each other
in the subjective assessment of their usefulness, ease
of use, cost needed for implementation and use.
From the simplest and cheapest as dial indicators to
much more expensive and requiring a lot of experi-
ence interferometric radar.
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